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The PAX Collaboration has successfully performed a spin-ﬁltering experiment with protons at the COSY-
ring. The measurement allowed the determination of the spin-dependent polarizing cross section, that
compares well with the theoretical prediction from the nucleon–nucleon potential. The test conﬁrms that
spin-ﬁltering can be adopted as a method to polarize a stored beam and that the present interpretation
of the mechanism in terms of the proton–proton interaction is correct. The outcome of the experiment
is of utmost importance in view of the possible application of the method to polarize a beam of stored
antiprotons.
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Although a number of methods to provide polarized antipro-
ton beams have been proposed more than 20 years ago [1] and
W. Augustyniak et al. / Physics Letters B 718 (2012) 64–69 65recently reviewed [2], no polarized antiproton beams have been
produced so far, with the exception of a low-intensity and low-
quality, secondary beam from the decay of anti-hyperons that has
been realized at Fermilab [3].
An intense beam of polarized antiprotons will open new exper-
imental opportunities to investigate the still unknown structure of
the nucleon. We remind, for instance, the ﬁrst direct measurement
of the transversity distribution of the valence quarks in the proton,
a test of the predicted opposite sign of the Sivers-function, related
to the quark distribution inside a transversely polarized nucleon in
Drell–Yan as compared to semi-inclusive deep-inelastic scattering,
and a ﬁrst measurement of the moduli and the relative phase of
the time-like electric and magnetic form factors GE,M of the pro-
ton [4].
In principle, an initially unpolarized beam in a storage ring can
be polarized by two methods. In the case of a beam of spin- 12 par-
ticles (with two spin states) this might be achieved by either se-
lectively reversing the spin of particles in one spin state (“ﬂipping”)
or by selectively discarding particles in one spin state (“ﬁltering”).
Spin-ﬂipping would be preferable over spin-ﬁltering as it would
offer the advantage of polarizing the beam not affecting its inten-
sity. Unfortunately, no viable method exploiting spin-ﬂipping has
been proposed so far. In a previous work [5], the PAX Collabora-
tion presented a measurement invalidating a proposal to use the
ﬂipping method to polarize a stored antiproton beam by means of
the interaction with a co-moving polarized positron beam.
Prior to the work presented here, only one experiment had
shown that the in-situ polarization build-up of a stored hadron
beam actually works. This experiment was performed by the FIL-
TEX group at the TSR ring in Heidelberg in 1992 [6] and exploited
spin-ﬁltering on a 23 MeV stored proton beam, in the presence of
a polarized atomic hydrogen target.
The motivation for the experiment presented in this Letter was
to provide an additional measurement to the existing one, conﬁrm-
ing the validity of the ﬁltering-method to polarize a stored beam,
and to test the present theoretical understanding of the mecha-
nism [7–9] under different experimental conditions.
2. Principle of the measurement
The measurement performed at the COSY storage-ring
(Forschungszentrum-Jülich) allowed the extraction of the spin-
dependent part of the proton–proton cross section when both
particles are transversely polarized. The task was accomplished
by measuring the polarization buildup induced in a stored beam
through the interaction with a polarized hydrogen target. Since
the total cross section is different for parallel and antiparallel
orientations of the spins of beam and target protons, one spin
orientation of the beam particles is depleted at a higher rate than
the other one and the circulating beam becomes increasingly po-
larized, while the intensity decreases with time. In the following,
we assume the target polarization to be vertical. The beam is con-
sidered to initially consist of equal fractions of particles with spin
up and spin down. The total interaction cross section for the beam
with the target can be expressed as [10]
σt = σ0 ± Q σ1 (1)
where Q is the target polarization, σ0 denotes the spin-independ-
ent part, and σ1 the spin-dependent part of the total cross section.
The positive and negative signs apply to the fraction of the beam
particles whose spin is parallel (↑↑) or antiparallel (↑↓) to the spin
of the target, respectively.
As a consequence of the interaction, the intensity of the spin-
up and spin-down protons in the ring decreases exponentially withFig. 1. Schematic view of the COSY storage ring. The polarized hydrogen target is in-
stalled in one of the straight sections of the ring; the RF solenoid of the Spin Flipper
is located in one of the arcs, its use is explained in more detail in the text; the Elec-
tron Cooler, followed by the detector setup with Silicon Tracking Telescopes (STTs)
to determine the beam polarization, is installed in the second straight section.
different time constants leading to a polarization buildup as func-
tion of time
P (t) = N
↑(t) − N↓(t)
N↑(t) + N↓(t) = tanh
(
t
τ1
)
. (2)
The spin-dependent effective polarization buildup cross section
σ˜1 can be extracted from the observed time constant τ1 of the
buildup rate via
dP
dt
≈ 1
τ1
= σ˜1Q dt f (3)
where dt is the target areal density in atoms/cm2, f the particle
revolution frequency and σ˜1 indicates the effective polarizing cross
section which accounts for the fact that only protons scattered at
angles larger than the acceptance angle of the storage ring θacc
contribute to the spin-ﬁltering process σ˜1 = σ1 (θ > θacc). We will
refer to this effect in Section 6, where we will give a theoretical
estimate for σ˜1 (see Eq. (13)).
3. Experimental apparatus
An overview of the COSY machine with the installations utilized
in the investigation is shown in Fig. 1. The two main compo-
nents of the experimental apparatus used for the measurement are
the polarized hydrogen gas target, installed at the PAX interaction
point, and the beam polarimeter consisting of a deuterium-cluster
target of the ANKE experiment surrounded by a system of Silicon
Tracking Telescopes (STTs). Phase space cooling of the stored beam
is achieved by the Electron Cooler, and the vertical polarization of
the stored beam can be reversed using the Spin Flipper solenoid.
3.1. Polarized target
The PAX polarized target, shown in Fig. 2, consists of a po-
larized Atomic Beam Source (ABS), a storage cell, and a diagnos-
tic system. The ABS [11] injects polarized hydrogen atoms into
the cell, a sample of the gas diffuses from the center of the cell
through a side tube into the diagnostic system. This consists of a
Breit–Rabi polarimeter (BRP) [12] measuring the atomic polariza-
tion and a Target–Gas Analyzer (TGA) [13] determining the rela-
tive fraction of atoms and molecules. A set of coils mounted on
the scattering chamber provided the weak vertical holding ﬁeld
(≈ 10 G) requested to orient the target polarization
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horizontal position. The Target Gas Analyzer (TGA) determines the atomic to molecular fraction of the effusive beam from the storage cell, while the Breit–Rabi Polarimeter
(BRP) measures the degree of polarization of the atomic sample.Fig. 3. Experimental setup for the measurement of the beam polarization. The clus-
ter target beam comes from the top and traverses the beam stored in the machine.
Recoil deuterons are detected by two Silicon Tracking Telescopes (STTs) left and
right to the beam.
3.2. Beam polarimeter
The beam polarization has been measured by detecting elas-
tically scattered protons and deuterons off the ANKE cluster tar-
get (see Section 5.1 for a description of the method). Two Silicon
Tracking Telescopes (STT) [14] have been placed left and right the
deuterium cluster target [15], with respect to the proton beam,
at the ANKE interaction point (see Fig. 3). The ANKE deuterium
cluster target provides a beam of about 10 mm diameter with an
integrated areal density of 1.5 · 1014 atoms/cm2. Each telescope
comprises three position-sensitive detectors, oriented parallel to
the beam direction. The ﬁrst (second) layer is 65 μm (300 μm)thick, with an active area of 51 mm by 66 mm. They are located at
a distance of 28 mm (48 mm) away from the beam axis. The third
layer, consisting of 5 mm thick detectors, is located at a distance
of 61 mm from the beam axis. Within the mechanical constraints
of the detector support, the telescope position with respect to the
interaction region is chosen to optimize the ﬁgure-of-merit for the
pd analyzing reaction.
4. Spin ﬁltering cycle
In order to perform the measurement, dedicated spin-ﬁltering
cycles have been introduced. The sequence of operations in any
cycle is as follows:
• An unpolarized proton beam is injected in the COSY ring at a
beam energy of 45 MeV. The beam is cooled and subsequently
accelerated to 49.3 MeV. This energy has been chosen for the
spin-ﬁltering experiments, because of existing data of the an-
alyzing power in proton–deuteron elastic scattering [16]. The
typical number of particles injected and accelerated in every
cycle was about 5 · 109.
• At this point the spin-ﬁltering starts. Polarized hydrogen is in-
jected into the storage cell at the PAX interaction point. The
holding ﬁeld coils are powered on in either up (↑) or down (↓)
orientation for the duration of the spin-ﬁltering period. Two
different durations for the spin-ﬁltering periods have been
adopted: one lasting for 12000 s, and a longer one of 16000 s,
corresponding to about 1.5 and 2 times the measured beam-
lifetime (8000 s). These spin-ﬁltering times were judiciously
chosen to optimize the relative statistical uncertainty of the
ﬁnal result.
• At the end of the spin-ﬁltering period, the PAX polarized target
is switched off, the ANKE deuterium-cluster target is switched
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the beam current (left scale), while the red one shows the polarization, induced in
the beam (right scale). With the PAX polarized target on, while the beam current
decreases, the polarization in the beam builds up. At the end of the spin-ﬁltering
cycle, the ANKE cluster target is used and the spin-ﬂipper is switched on three-
times to allow for the measurement of the beam polarization. Cycles with different
orientations of the target holding ﬁeld (HF) have been performed. (For interpreta-
tion of the references to color in this ﬁgure legend, the reader is referred to the
web version of this Letter.)
on and the data acquisition of the beam polarimeter starts.
During the beam polarization measurement, the beam polar-
ization is reversed three times using the spin-ﬂipper. This al-
lows for the determination of the induced beam polarization
within each cycle, thereby reducing systematic errors. The to-
tal duration of the polarization measurement in each cycle was
2500 s.
Spin-ﬁltering cycles have been repeated for different directions
of the target holding ﬁelds: up (↑) or down (↓). A typical spin-
ﬁltering cycle is depicted in Fig. 4.
4.1. Zero measurement
To provide a cross-check for the zero polarization of the detec-
tor, a series of dedicate cycles has been carried out in addition. To
be as close as possible to the experimental conditions of a stan-
dard ﬁltering cycle, the zero measurement cycle reﬂected exactly
the same sequence of operations, differing only in the number of
injected particles (< 1 · 109), equal to the number of particles in
the ring after spin-ﬁltering and in the duration of the spin-ﬁltering
part (180 s vs 12000 s or 16000 s).
5. Data analysis
As described in Section 2, the effective polarizing cross section
can be derived from the measurement of the rate of polarization
buildup in the stored beam,
σ˜1 = dP
dt
1
Q dt f
. (4)
In this section we brieﬂy describe how the individual factors
appearing in Eq. (4) have been determined.
5.1. Polarization buildup
The beam polarization is measured by using p↑d elastic scat-
tering. The cross section for the interaction of a transversely polar-
ized proton beam impinging on an unpolarized deuterium target is
given by
dσ
(θ,φ) = dσ0 [1+ P Ay(θ)cosφ] (5)dΩ dΩwhere dσ0dΩ is the unpolarized cross section, Ay(θ) is the analyzing
power, θ and φ are the polar and the azimuthal scattering angle in
the laboratory system, respectively. Precise analyzing power data
are available from [16], and differential cross sections have been
measured at a nearby energy (T p = 46.3 MeV) [17].
Deuterons and protons stopped in the second or third detec-
tor layer can be clearly identiﬁed by means of the E/E method.
Since the data were taken below the pion-production threshold,
an identiﬁed deuteron ensures that elastic scattering took place.
In order to distinguish elastically scattered protons from the ones
that stem from deuteron breakup, a cut based on the relation be-
tween deposited energy and scattering angle has been applied. The
contamination of the selected elastic proton sample from protons
originating from pd-breakup events is estimated to be less than 3%.
The presented analysis is based on a total number of 8.6 ·106 iden-
tiﬁed deuterons and 1.6 · 106 identiﬁed protons.
The beam polarization P is derived from the asymmetry de-
termined using the so-called cross ratio-method [18]. The method
provides a cancellation of all ﬁrst order false asymmetries caused
by differences in acceptance, eﬃciency, and integrated luminosity
in the two detectors. The cross ratio δ is deﬁned by means of the
rates Y (θ,φ)R,L,↑,↓ detected in the left (L) and right (R) detectors
for data samples with spin up (↑) and down (↓) beam polariza-
tions,
δ =
√
YL↑(θ,φ) · YR↓(θ,φ)
YL↓(θ,φ) · YR↑(θ,φ) =
1+ P Ay(θ)
1− P Ay(θ) . (6)
The asymmetry is deﬁned as
	 = δ − 1
δ + 1 = P Ay〈cosφ〉. (7)
In Eq. (5), the average of the trigonometric function account-
ing for the azimuthal dependence of the analyzing power over the
detector acceptance in the interval −25◦ < φ < 25◦ has been ap-
proximated to unity without affecting the measured asymmetry.
The selected events are sorted in bins of 3◦ width. The polariza-
tion is extracted by scaling the measured asymmetry using a ﬁt
based on a 5th order polynomial of the analyzing power taken
from [16]. As an example, the extracted asymmetries for deuterons
after 12000 s spin-ﬁltering cycle are presented in Fig. 5 (upper
panel) as a function of the deuteron scattering angle in the lab-
oratory system. The plot presents the asymmetry of the detected
deuterons in the range 53◦ < θ < 74◦ , while it reports the asym-
metry of the reconstructed deuterons from the identiﬁed protons
in the range 30◦ < θ < 51◦ . The line represents the result of the
overall ﬁt.
In order to investigate fake asymmetries as possible sources of
systematic errors, the same analysis procedure has been applied
to the zero measurement, where no spin-ﬁltering took place and
no polarization was induced in the beam (Fig. 5, lower panel). This
measurement can be interpreted as a determination of the system-
atic error of the beam polarization.
The beam polarization obtained from spin-ﬁltering cycles of
different length for the two target spin-orientations is presented
in Fig. 6. The plot presents the total acquired statistics including
events where either a deuteron or a proton from elastic scatter-
ing were identiﬁed. We mention here that although the number of
identiﬁed protons is about a factor 5 smaller than the number of
identiﬁed deuterons, the contributions of the two samples to the
statistical uncertainty are comparable due to the different magni-
tude of the corresponding analyzing powers. Note that a change
in sign of the target polarization, realized by reversing the holding
ﬁeld, causes a change in sign in the induced beam polarization. In
68 W. Augustyniak et al. / Physics Letters B 718 (2012) 64–69Fig. 5. Upper panel: Measured asymmetry from spin-ﬁltering with different orienta-
tions of the target polarization for the 12000 s ﬁltering cycle. The asymmetry for the
detected deuterons is presented in the range 53◦ < θ < 74◦ , while the asymmetry
of the reconstructed deuterons from the identiﬁed elastic protons is reported in the
range 30◦ < θ < 51◦ . Lower panel: Result of the analysis of runs where no beam po-
larization was induced by making the ﬁltering time very short (zero measurement).
The green circles and blue squares indicate positive and negative orientations of the
target holding ﬁeld and consequently of the target polarization. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this Letter.)
Fig. 6. Polarization induced in the beam after ﬁltering for different times and differ-
ent signs of the target polarization. The induced polarization in the beam has the
same sign as the target polarization, reﬂecting the negative sign of the polarizing
cross section.
particular, a positive target polarization induces a positive polariza-
tion buildup in the stored beam and vice versa. This is a reﬂection
of the negative value of the polarizing cross-section σ˜1.
A linear ﬁt to the ﬁve points shown in Fig. 6 allows us to de-
termine dP = (4.8± 0.8) · 10−7 s−1.dt5.2. Target polarization
The polarized target ran smoothly and reliably delivered a sta-
ble performance over time. The average target polarization Q can
be expressed through
Q = αPat, (8)
where α is the hydrogen atomic fraction, given by
α = nH
nH + 2nH2
(9)
and Pat is the atomic polarization, given by
Pat = nH↑ − nH↓
nH↑ + nH↓ . (10)
After injection into the target cell, the polarized atoms undergo
collisions with the walls of the target cell that can cause recom-
bination and depolarization. The magnitude of the average target
polarization Q , as seen by the proton beam passing through the
cell is limited between the polarization value of atoms injected
into the cell from the atomic beam source (upper bound: Q inj),
and the value determined by the target polarimeter (lower bound:
Q meas). Due to the geometry of the storage cell and the sample
tube, the measured gas sample undergoes more than 1000 wall
collisions before it leaves the sampling tube, while there are only
about 300 wall collisions in the cell tube itself.
• Injected polarization into the cell from the ABS (Q inj).
The value of the atomic fraction of the particles injected into
the storage cell from the ABS is αinj = 0.93 ± 0.03 [11]. By
adopting the ABS sextupole transmissions, measured in [11]
and an eﬃciency of 0.98 for the m23 transition adopted to
select the hydrogen hyperﬁne state |1> used in the measure-
ment, we obtain for the polarization of the atoms injected into
the cell a value of P injat = 0.85 ± 0.01. Combining the two val-
ues mentioned above, we obtain the total polarization of the
particles injected into the cell Q inj = αinj P injat = 0.79± 0.03.
We note here that the hydrogen molecule formed by recombi-
nation on the storage cell walls of polarized atoms, can retain
the nuclear polarization and this can in principle affect the tar-
get polarization [19,20]. Actually, under the weak holding ﬁeld
conditions of the present experiment, the molecular polariza-
tion can be assumed to be negligible (see Fig. 2 of Ref. [19]).
• Measured target polarization (Q meas).
The atomic fraction was continuously monitored by the Tar-
get Gas Analyzer (TGA) during the measurement, and the
observed values were stable within ±0.01 with a central
value αTGA = 0.85 ± 0.01. The atomic polarization was con-
tinuously monitored during the measurement as well, and the
observed value was stable within ±0.01 with a central value
of PBRPat = 0.79 ± 0.01. Combining the two above-mentioned
values, we obtain the measured total target polarization of
Q meas = αTGA PBRPat = 0.671± 0.014.• Estimation of the average polarization in the cell.
Without making any assumption about the status of the cell
surface, the average target polarization as seen by the stored
beam passing through the storage cell Q can be assumed to
be between the injected and measured values 0.67 = Q meas <
Q < Q inj = 0.79. By assuming the most probable, uniform dis-
tribution in this interval, we obtain Q = 0.73± 0.05.
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statistical errors are shown). The solid line represents the prediction from the SAID
database. The prediction are basically independent from the ring-acceptance in the
interval of values interested by the TSR and COSY rings.
5.3. Target thickness
The target thickness has been measured using the beam energy
loss method which in turn is deduced from a shift of the orbit
frequency of the coasting beam [21],
dt = (5.5± 0.2) · 1013 atoms
cm2
. (11)
6. Result and discussion
By substituting the results of the previous Section in Eq. (4),
together with the revolution frequency f of 510032 Hz in the ring
at the experiment energy of T p = 49.3 MeV, we ﬁnally obtain:
σ˜meas1 = −23.4±3.9 (stat.)±1.9 (syst.) mb. (12)
The measured cross section can be compared to the predicted
one, based on the present knowledge of the pp spin-dependent
interaction as given in the SAID data base. In particular, the theo-
retical value of the effective polarizing cross section σ˜ theor1 can be
obtained by [5]:
σ˜ theor1 = 2π
π/2∫
θacc
1
2
(A00nn + A00ss)dσ0
dΩ
sin θ dθ = −26.9 mb. (13)
The spin-correlation factors in Eq. (13) are taken from the SAID
database [22]. The acceptance angle θacc of the COSY ring has
been directly measured by a movable frame system installed at the
PAX interaction point prior to the spin-ﬁltering measurements. The
measured acceptance angle at the position of the target amounts
to: θacc = 6.15± 0.17 mrad [23].
The spin-dependent cross-section measured at COSY is pre-
sented in Fig. 7 together with the other existing measurement
performed by the FILTEX collaboration [6]. The solid line repre-
sents the theoretical prediction from the SAID data base. The good
agreement between measurement and theory conﬁrms that spin-
ﬁltering of a stored proton beam is well-described taking into ac-
count the contributions from proton–proton scattering [7–9].
It should be noted that the polarization buildup rates in the TSR
experiment were about a factor seven larger than in the present
COSY experiment (3.6 · 10−6 s−1 vs 4.8 · 10−7 s−1). On the one
hand, the polarizing cross section in the spin-ﬁltering experiment
at COSY is about a factor three smaller (see Fig. 7), on the other,
COSY is about three times larger in circumference than the TSR,hence the smaller revolution frequency f reduces further the rate
of polarization buildup (see Eq. (3)). The different acceptances of
the TSR and COSY rings (4.4 mrad vs 6.1 mrad) do not appreciably
inﬂuence the polarizing cross section.
7. Conclusions
The PAX Collaboration has successfully completed a spin-
ﬁltering experiment using a beam of protons at COSY. The mea-
surement has allowed the extraction of the polarizing cross-section
in proton–proton interactions and represents a milestone in the
ﬁeld. It conﬁrms that spin-ﬁltering can be effectively used to po-
larize a stored beam in situ and that our understanding of the
mechanism in terms of the proton–proton interaction is correct:
the predictions are in excellent agreement with the available data.
The achievement is of fundamental importance in view of the
possible application of the method to polarize a beam of stored
antiprotons. In this respect, the existing theoretical predictions for
the polarization buildup with antiprotons are affected by the lack
of knowledge of the proton–antiproton interactions and differ by
more than a factor 2 [8,24]. For this reason, a direct measurement
of the polarizing cross sections in proton–antiproton interactions
constitutes an inevitable step towards the design of dedicated po-
larizer ring [25].
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